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ABSTRACT 

The r a p i d  expansion of a cloud of r e l a t i v i s t i c  gas i s  
discussed,  and it i s  shown t h a t  t h e  most l i k e l y  r e s u l t  i s  a bubble 
whose magnetic f i e l d  i s  p r imar i ly  confined t o  t h e  sur face  and pos- 
s i b l y  t o  some th reads  l i n k i n g  through i t .  The increase  i n  l i f e t i m e ,  
f i e l d  s t r e n g t h  and p a r t i c l e  energy dens i ty  which r e s u l t s  i s  compared 
t o  more conventional models. The e f f e c t  of t h e  i n t e r g a l a c t i c  medium 
i s  e x p l i c i t l y  included,  and t h e  t ime dependences of t h e  t o t a l  luminos- 
i t y ,  s i z e ,  and p a r t i c l e  energy a r e  c a l c u l a t e d  f o r  e l e c t r o n  number 
d e n s i t i e s  obeying both a d e l t a  func t ion  and a power law i n  energy. 
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I. INTRODUCTION 

Because t h e  b a s i c  o b s e r v a t i o n a l  d a t a  on t h e  s t r o n g  e x t r a -  

g a l a c t i c  r a d i o  s o u r c e s  c o n s i s t s  o f  i n f o r m a t i o n  concern ing  t h e i r  

l u m i n o s i t y ,  p o l a r i z a t i o n ,  and s t r u c t u r e ,  i t  i s  n e c e s s a r y  t o  i n -  

voke a d d i t i o n a l  t h e o r e t i c a l  a rguments  t o  d i s c u s s  t h e i r  energy 

c o n t e n t ,  l i f e t i m e s ,  and e v o l u t i o n .  I n  p a s t  d i s c u s s i o n s  of  t h e  

e n e r g e t i c s  of  such s o u r c e s  i t  h a s  been customary t o  assume t h a t  

t h e  magnet ic  f i e l d s  and r e l a t i v i s t i c  e l e c t r o n s  r e s p o n s i b l e  f o r  t h e  

obse rved  s y n c h r o t r o n  r a d i a t i o n  a r e  homogeneously d i s t r i b u t e d  th rough-  

o u t  t h e  e m i t t i n g  r e g i o n ,  and t h a t  t h e  energy  i n  t h e  r e l a t i v i s t i c  

p a r t i c l e s  and magne t i c  f i e l d s  i s  de te rmined  by minimizing t h e  t o t a l  

e n e r g y .  I n  d i s c u s s i n g  t h e  dynamics and e v o l u t i o n  o f  t h e s e  s o u r c e s ,  

t h e  e f f e c t s  of  t h e  i n t e r g a l a c t i c  medium u s u a l l y  have been t a k e n  t o  

be  n e g l i g i b l e .  However, o b s e r v a t i o n s  of  t h e  d e t a i l e d  r a d i o  s t r u c t u r e  

o f - t h e s e  s o u r c e s ,  p a r t i c u l a r l y  of t h e  two e m i t t i n g  r e g i o n s  of 

Cygnus A (Wade, 1 9 6 6 ) ,  i n d i c a t e  t h a t  a t  l e a s t  t h e  homogeneity 

assumpt ion ,  and p r o b a b l y  t h e  o t h e r s  a l s o ,  s h o u l d  be  dropped.  

I n  t h i s  p a p e r  none of  t h e  above assumpt ions  a r e  employed; 

w e  p r e s e n t  i n s t e a d  a  g e n e r a l  c a l c u l a t i o n  of  t h e  dynamics and 

e n e r g e t i c s  of  s t r o n g  e x t r a g a l a c t i c  r a d i o  s o u r c e s  i n  which t h e  

non-homogeneous magne t i c  f i e l d  d i s t r i b u t i o n  and t h e  e f f e c t s  o f  

t h e  i n t e r g a l a c t i c  medium a r e  e x p l i c i t l y  t a k e n  i n t o  a c c o u n t .  The 

d i s c u s s i o n  w i l l  be  l i m i t e d  t o  t h e  phase  of  such s o u r c e s  i n  which 

t h e  r a d i a t i n g  m a t e r i a l  i s  expanding a t  a h i g h  speed  i n  a l l  d i r e c t i o n s  
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i n t o  t h e  ambient medium, The c a l c u l a t i o n s  a r e  l a r g e l y  independen t  

of t h e  assumpt ions  c o n c e r n i n g  t h e  o r i g i n  of t h e  magnet ic  f i e l d ,  

s o  long  a s  it i s  assumed t o  be  i s o t r o p i c  on a  s c a l e  comparable w i t h  

t h e  c loud  s i z e .  I f  t h e r e  i s  a n  i n i t i a l l y  weak e x t e r n a l  f i e l d ,  t h e  

r a p i d  expans ion  of  t h e  c l o u d  a t  a  speed above t h e  e x t e r n a l  ~ l f v g n  

speed t h u s  causes  t h i s  f i e l d  t o  be  compressed and form a  s k i n  i n  

which t h e  p r e s s u r e  of t h e  r e l a t i v i s t i c  p a r t i c l e  c l o u d  i s  e s s e n t i a l l y  

ba lanced  by t h e  magne t i c  f i e l d  p r e s s u r e .  I f  one were concerned on ly  

w i t h  a n  i n i t i a l l y  i n t e r n a l  f i e l d  i n  t h e  c l o u d ,  i t  i s  ve ry  p r o b a b l e  

t h a t  t h e n  a l s o  a s t r o n g l y  magnet ized  s k i n  would be formed, s i n c e  it 

would always be t h e  magne t i c  f i e l d  t h a t  would be push ing  a g a i n s t  t h e  

e x t e r n a l  medium. I n  t h i s  c a s e ,  however, t h e  p r e s s u r e  of t h e  r e l a t i v i s t i c  

g a s  would a s s i s t  i n  p r o v i d i n g  t h e  r e q u i r e d  t o t a l  p r e s s u r e ,  and it  i s  

on ly  a s  a  r e s u l t  of  a n  uneven d i s t r i b u t i o n  o f  f i e l d  and p a r t i c l e s  

t h a t  i s  l i k e l y  t o  deve lop  t h a t  t h e  f i e l d  would be augmented i n  t h e  

s k i n .  

I n i t i a l  i n t e r n a l  f i e l d s  w i l l  o f  c o u r s e  be ,  i n  g e n e r a l ,  weakened 

by t h e  expans ion  from t h e  c l o u d ,  and f o r  t h e  c a s e  of  a  s t a t i s t i c a l l y  

i s o t r o p i c  f i e l d ,  a  uni form expans ion  would r e s u l t  i n  t h e  magne t i c  

p r e s s u r e  d e c r e a s i n g  i n  s t e p  w i t h  t h e  d e o r e a s e  i n  t h e  p r e s s u r e  of  t h e  

r e l a t i v i s t i c  g a s ,  b o t h  a c c o r d i n g  t o  an  a d i a b a t i c  law w i t h  a n  exponent  

of 4/3 .  I n  p r a c t i c e  i t  i s  h a r d  t o  e n v i s i o n  a s i t u a t i o n  i n  which t h e  

r e l a t i v i s t i c  g a s  i s  g e n e r a t e d  i n  t h e  r e g i o n  whose magne t i c  p r e s s u r e  

i s  comparable t o  t h a t  of  t h e  g a s .  A s  t h e  expans ion  p roceeds ,  t h e  

p a r t i c l e  p s e s s u r e  w i l l  t h u s  c o n t i n u e  t o  dominate everywhere i n  t h e  
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i n t e r i o r  of  t h e  bubb le ,  and t h e  on ly  p l a c e  where t h e  magne t i c  f i e l d  

p r e s s u r e  and t h e  p a r t i c l e  p r e s s u r e  a r e  matched would be  a t  t h e  boundary.  

A more d e t a i l e d  d i s c u s s i o n  would have t o  be concerned w i t h  t h e  

i n s t a b i l i t i e s  t h a t  a r i s e  when a  h i g h  p r e s s u r e  g a s  i s  push ing  o u t  
/ a g a i n s t  t h e  ambient  medium a t  a  s u p e r s o n i c  o r  super -Al fven ic  s p e e d ,  

It i s  known t h a t  i n  a  c a s e  o f  t h i s  k i n d ,  t h e  expans ion  s u r f a c e  i s  

u n s t a b l e ,  and t h e  expans ion  f r o n t  w i l l  t e n d  t o  become d e e p l y  c o r r u g a t e d  

and l e a v e  beh ind  p o c k e t s  of  t h e  e x t e r n a l  medium. The p r e s s u r e  i n  

t h e  enveloped p o c k e t s  must o f  c o u r s e  t h e n  r i s e  t o  t h e  p r e s s u r e  i n  t h e  

i n t e r i o r  of  t h e  expanding bubb le ,  and a magne t i c  f i e l d  s o  enveloped 

w i l l  t h u s  be  augmented by compress ion .  The f i n a l  r e s u l t  must be  

a  c o n f i g u r a t i o n  such  t h a t  t h e  magne t i c  f i e l d  p r e s s u r e  i s  comparable 

w i t h  t h e  r e l a t i v i s t i c  g a s  p r e s s u r e  everywhere on t h e  boundary of  

t h e  expanding bubble  and i n  t h e  i n t e r i o r  a l o n g  a l l  t h e  f i l a m e n t s  

of magne t i c  f i e l d  t h a t  have become enveloped.  A s  f o r  t h e  i n t e r i o r  

o f  t h e  bubb le ,  t h e  magne t i c  f i e l d  w i l l  have a p r e s s u r e  much below 

t h e  p a r t i c l e  p r e s s u r e  i f  t h i s  was t h e  r e l a t i o n  i n  t h e  e a r l y  phase  

o f  t h e  expans ion  of  t h e  r e l a t i v i s t i c  g a s .  

Hence t h e  s y n c h r o t r o n  e m i s s i o n  w i l l  be p r i m a r i l y  c o n f i n e d  

t o  some f r a c t i o n  of  t h e  t o t a l  volume o f  t h e  s o u r c e ;  t h a t  i s ,  t o  t h e  

s t r o n g l y  magnet ized  s h e l l  t h a t  w i l l  be c o n s t r a i n i n g  t h e  r e l a t i v i s t i c  

g a s ,  o r  t o  t h e  compressed f i l a m e n t s  of magne t i c  f i e l d  t h a t  w i l l  be 

t h r e a d i n g  th rough  i t .  T h i s  t y p e  o f  c o n f i g u r a t i o n  would f i t  w e l l  w i t h  

t h e  knowledge we now have c o n c e r n i n g  t h e  e m i s s i o n  from t h e  Cygnus 

radi~ s o u r c e ,  where i t  a p p e a r s  t h a t  t h e r e  i s  a complex s t r u c t u r e  
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w i t h i n  each of t h e  two e m i t t i n g  r e g i o n s ,  On a much s m a l l e r  s c a l e  

t h e  same type  of s t r u c t u r e  occurs  i n  t h e  Crab Nebula, where t h e r e  a l s o  

e x i s t s  an  o u t e r ,  roughly  s p h e r i c a l  s h e l l  of f i l a m e n t s ,  as w e l l  a s  

numerous i n t e r n a l  f i l a m e n t s  t h a t  seem t o  be mainly r e s p o n s i b l e  f o r  

t h e  synchro t ron  r a d i a t i o n .  

I n  such a model t h e  synchro t ron  r a d i a t i o n  a s  a  whole w i l l  have 

a d i f f e r e n t  t ime dependence t h a n  i n  t h e  case  of a  model where t h e  

magnet ic  f i e l d  and t h e  r e l a t i v i s t i c  gas  a r e  uniformly in te rmixed .  

We s h a l l  d i s c u s s  t h i s  e v o l u t i o n  under t h e  assumption t h a t  t h e  ex- 

t e r n a l  medium i s  uniform and t h a t  t h e  emiss ion i s  e s s e n t i a l l y  con- 

f i n e d  t o  t h e  s t r o n g  f i e l d  r e g i o n s  i n t o  which t h e  r e l a t i v i s t i c  ga s  

p e n e t r a t e s .  I n  S e c t i o n  2 we formula te  t h e  model and compare t h e  

p a r t i c l e  energy d e n s i t i e s ,  magnet ic  f i e l d  s t r e n g t h ,  and l i f e t i m e s  

t h a t  a r e  ob t a ined  f o r  a source  of g iven  t o t a l  luminos i ty  and spectrum 

wi th  t h o s e  ob ta ined  from t h e  homogeneous, minimum t o t a l  energy model. 

I n  S e c t i o n  3 we s h a l l  c a l c u l a t e  and d i s c u s s  t h e  e a r l y  s t a g e s  of  

t h e  e v o l u t i o n  of a r a d i o  source  f i t t i n g  t h i s  model. 

FORMULATION 

For  s i m p l i c i t y ,  we assume t h a t  t h e  r e l a t i v i s t i c  p a r t i c l e s  i n  

t h e  source  a r e  p r i m a r i l y  e l e c t r o n s  and t h a t  t h e i r  number d i s t r i b u -  

t i o n  p e r  u n i t  volume a s  a  f u n c t i o n  of energy i s  g iven  by some f u n c t i o n  

N ( E ) .  Taking t h e  magnetic f i e l d  t o  occupy a  f r a c t i o n  f of t h e  t o t a l  

volume of t h e  sou rce ,  t h e  t o t a l  luminos i ty  p e r  u n i t  volume due t o  



where EL and EH are t h e  lower and upper  ene rgy  c u t o f f s  i n  t h e  

e l e c t r o n  energy  d i s t r i b u t i o n .  A s  d i s c u s s e d  i n  S e c t i o n  1, t h e  mag- 

n e t i c  f i e l d  i n  t h e  s y n c h r o t r o n  e m i t t i n g  r e g i o n s  i s  de te rmined  by 

e q u a t i n g  t h e  magne t i c  p r e s s u r e  t o  t h e  p a r t i c l e  p r e s s u r e ,  Thus 

where U i s  t h e  r e l a t i v i s t i c  e l e c t r o n  energy  d e n s i t y  and we have used  

t h e  r a t i o  o f  s p e c i f i c  h e a t s  y =  4/3 a p p r o p r i a t e  t o  a  r e l a t i v i s t i c  

g a s .  E q u a t i o n s  (1) and ( 2 )  p r o v i d e  a  means of  c a l c u l a t i n g  t h e  energy 

c o n t e n t  of  t h e  r e l a t i v i s t i c  p a r t i c l e s  and t h e  magne t i c  f i e l d  s t r e n g t h  

i n  t h e  s o u r c e  if t h e  l u m i n o s i t y  and p a r t i c l e  energy d i s t r i b u t i o n  a r e  

known. F o r  a  s o u r c e  of  g i v e n  l u m i n o s i t y  and energy d i s t r i b u t i o n  

N ( E ) ~ E C ( E - ~ ~ E  w i t h  2<m<3, a s  i s  a p p r o p r i a t e  t o  most r a d i o  s o u r c e s ,  

i t  i s  i n t e r e s t i n g  t o  compare o u r  v a l u e s  of  t h e  p a r t i c l e  energy d e n s i t y  

and magne t i c  f i e l d  s t r e n g t h  w i t h  t h o s e  o b t a i n e d  from t h e  homogeneous 

minimum t o t a l  energy model.  ( S i n c e  i n  t h i s  model t h e  minimum energy  

o c c u r s  when t h e  magne t i c  f i e l d  and p a r t i c l e  energy d e n s i t i e s  a r e  

abou t  e q u a l ,  we s h a l l  r e f e r  t o  i t  a s  t h e  e q u i p a r t i t i o n  model f o r  

b r e v i t y . )  It f o l l o w s  t h e n  fsom e q u a t i o n s  ( 1 )  and ( 2 )  t h a t  t h e  

r e l a t i v i s t i c  e l e c t r o n  energy d e n s i t y  i s  l a r g e r  i n  t h e  p r e s e n t  model 
9 

by a  f a c t o r  of ( 3 / f . ) 2  t h a n  i n  t h e  e q u i p a r t i t i o n  model,  and o u r  

2-4 magne t i c  f i e l d  e s t i m a t e s  a r e  l a r g e r  by a  f a c t o r  of about  ( 1 / 3 f )  . 
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We emphasize a g a i n  t h a t  t h i s  somewhat l a r g e r  f i e l d  i s  found i n  

only  t h e  s m a l l  f r a c t i o n  f of  t h e  s o u r c e .  D e f i n i n g  a c h a r a c t e r i s t i c  

t ime s c a l e  T f o r  t h e  r a d i o  s o u r c e  by 

T = u /L  

( 3  

we s e e  t h a t  o u r  c h a r a c t e r i s t i c  t i m e s  a r e  l o n g e r  by a  f a c t o r  of 

( 3 / f  )' t h a n  t h o s e  c a l c u l a t e d  from t h e  e q u i p a r t i t i o n  model.  T h i s  

i n c r e a s e ,  which a r i s e s  n a t u r a l l y  i n  o u r  model, shou ld  a l l e v i a t e  

t h e  t i m e  s c a l e  problems t h a t  have a r i s e n  i n  p r e v i o u s  d i s c u s s i o n s  

o f  r a d i o  s o u r c e s .  F o r  t h e  p r e s e n t  model t h e  v a l u e s  of  T g i v e n  

by e q u a t i o n  ( 3 )  a r e  l i k e l y  t o  be a n  u n d e r e s t i m a t e ,  s i n c e  t h a t  ex- 

p r e s s i o n  r e f e r s  o n l y  t o  t h e  p a r t i c l e s  t h a t  a r e  i n  t h e  r e g i o n s  o f  

magne t i c  f i e l d  and a r e  r a d i a t i n g .  However, i t  i s  l i k e l y  t h a t  t h e  

p a r t i c l e s  a r e  n o t  t r a p p e d  i n  t h e  f i e l d  and can  move about  i n s i d e  

t h e  s o u r c e ,  t h u s  forming a  r e s e r v o i r  of  energy i n  t h e  r e g i o n s  o f  

low magne t i c  f i e l d .  The f a c t o r  by which t h i s  e f f e c t  i n c r e a s e s  T 

o f  c o u r s e  depends on t h e  geometry of  t h e  magne t i c  f i e l d  r e g i o n s .  

The above r e s u l t s  a r e  summarized i n  T a b l e  I .  

111. EARLY EVOLUTION OF R A D I O  SOURCES 

The e v o l u t i o n  of  s p e c t r a  of  r a d i o  s o u r c e s  h a s  been d i s c u s s e d  

by Kardashev (1962)  and o t h e r s ,  w h i l e  t h e  dynamics of  a  s p h e r i c a l l y  

expanding s o u r c e  have been c o n s i d e r e d  by van d e r  Laan (1963,  1966)  

and S h k l o v s k i i  ( 1 9 6 3 ) .  I n  d i s c u s s i n g  t h e  s p e c t r a  which change due 

t o  b o t h  s y n c h r o t r o n  and expans ion  l o s s e s ,  Kardashev c o n s i d e r e d  on ly  



Table I 

Equipartition Model Present Model 

Particle Energy density 

Magnetic field 

Lifetime 

U 

B 

T 

(3/f 1% 

"'( 1/3f )'B 

> (3/f 1% 



uniform expans ion ,  and dynamical  t r e a t m e n t s  have t o  d a t e  assumed 

e i t h e r  a uni form homogeneous magnet ic  f i e l d ,  o r  t h a t  t h e  expans ion  

i s  s t r i c t l y  a d i a b a t i c ,  o r  t h a t  t h e  i n f l u e n c e  o f  t h e  e x t e r n a l  medium 

i s  n e g l i g i b l e .  The p r e s e n t  d i s c u s s i o n  o f  t h e  e v o l u t i o n  w i l l  make 

none of t h e  above a s s u m p t i s n s .  We d~ n o t ,  however, c a l c u l a t e  t h e  

e v o l u t i o n  of t h e  d e t a i l e d  spect rum b u t  r a t h e r  c a l c u l a t e  t h e  evolu-  

t i o n  of t h e  l u m i n o s i t y .  The e x t e r n a l  medium w i l l  be assumed t o  be 

uni form and t h e  expans ion  i n t o  i t  w i l l  be  assumed t o  be s u p e r s o n i c  
/ 

o r  super -Al fven ic .  

The energy b a l a n c e  i s  g i v e n  by 

where p  i s  t h e  r e l a t i v i s t i c  e l e c t r o n  p r e s s u r e ,  p t h e  mass d e n s i t y  

and  ps t h e  s y n c h r o t r o n  l o s s  p e r  u n i t  volume, w i t h  t h e  las t  

t e r m  g i v i n g  t h e  work done by t h e  e x p a n s i o n ,  F o r  i l l u s t r a t i v e  pur -  

p o s e s  we f i rs t  t a k e  f o r  t h e  e l e c t r o n  energy d i s t r i b u t i o n  N ( E ) ~ E = ~ ~ ( E ) ~ E .  

While such  a  d i s t r i b u t i o n  i s  p h y s i c a l l y  u n r e a l i s t i c ,  t h e  c a l c u l a t i o n s  

w i l l  d i s p l a y  a l l  t h e  f e a t u r e s  of  t h e  more r e a l i s t i c  i n v e r s e  power 

law d i s t r i b u t i o n s ,  Assuming t h a t  t h e  i n i t i a l  s t a g e s  of  e v o l u t i o n  

may be d e s c r i b e d  by a s p h e r i c a l  o b j e c t  of r a d i u s  R e v o l v i n g  from a n  

i n i t i a l  r a d i u s  R , p a r t i c l e  c o n s e r v a t i o n  t o g e t h e r  w i t h  e q u a t i o n s  (1); 
0 

( 2 ) ,  and ( 4 )  y i e l d s  f o r  t h e  change i n  e l e c t r o n  energy w i t h  r e s p e c t  

t o  t ime  

where a  = 2.4 x i n  c . g . s .  u n i t s  and n  i s  t h e  i n i t i a l  e l e c t r o n  
0 

number d e n s i t y .  The f i r s t  t e rm r e p r e s e n t s  t h e  expans ion  l o s s  and 
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t h e  second g i v e s  t h e  l o s s  due t o  synchro t ron  r a d i a t i o n ,  We s h a l l  

work w i th  equa t ion  ( 5 )  r e w r i t t e n  as 

The e q u a t i o n  f o r  dR/dt may be ob t a ined  by n o t i n g  t h a t  t h e  work done 

by t h e  sou rce  i n  moving t h e  e x t e r n a l  medium ahead of i t  i s  

where p i s  t h e  d e n s i t y  of t h e  e x t e r n a l  medium. Hence e  

I f  t h e  accumulat ion of t h e  e x t e r n a l  medium on t h e  s u r f a c e  of t h e  

expanding bubble can be neg l ec t ed ,  p e  i s  a  c o n s t a n t .  It i s  d o u b t f u l  

t h a t  t h i s  i s  a good approximat ion,  however, s i n c e  t h e  s u r f a c e  of t h e  

c loud w i l l  c e r t a i n l y  move a t  v e l o c i t i e s  which a r e  supe r son ic  r e l a t i v e  

t o  t h e  e x t e r n a l  medium i n  t h e  e a r l y  s t a g e s  of i t s  expansion.  The 

g e n e r a l  c o n s i d e r a t i o n s  g iven  i n  S e c t i o n  1 prec lude  any d e t a i l e d  c a l -  

c u l a t i o n  of t h e  dependence upon R of t h e  e x t e r n a l  d e n s i t y ,  and w e  

Th i s  t h e n  g i v e s  



1 0 .  

Equa t ions  ( L O )  and ( 6 )  p r o v i d e  a  s e t  of s imul taneous  d i f f e r e n t i a l  

e q u a t i o n s  which may b e  machine i n t e g r a t e d  t o  f i n d  t h e  e l e c t r o n  

energy a s  a  f u n c t i o n  of  t ime  o r  of  t h e  source  r a d i u s .  F i g u r e  1 

p r e s e n t s  t h e  l a t t e r  i n  non-dimensional  form f o r  t h e  c a s e  s = 0 ,  

3  
0, 

= gm/cm , a n  i n i t i a l  r a d i u s  of  1 0 0  pc . ,  and a n  i n i t i a l  

t o t a l  energy of  lo6 '  e r g s .  F i g u r e  2 g i v e s  t h e  l uminos i t y  as a  

f u n c t i o n  of r a d i u s  f o r  t h e  same c o n d i t i o n s  and two v a l u e s  of  s ,  

whiLe F i g u r e  3  shows t h e  l u m i n o s i t y  a s  a  f u n c t i o n  o f  t ime  f o r  sev- 

e r a l  f and s v a l u e s .  S i n c e  i t  w i l l  be seen  below t h a t  t h e  r e s u l t s  

o f  s i m i l a r  c a l c u l a t i o n s  f o r  a n  i n v e r s e  power l a w  dependence i n  energy 

a r e  q u a l i t a t i v e l y  t h e  same a s  t h e  r e s u l t s  p r e s e n t e d  i n  F i g u r e s  1, 

2 ,  and 3 we s h a l l  d i s c u s s  t h e s e  r e s u l t s  now. A s  i s  imp l i ed  by 

e q u a t i o n  ( 5 ) ,  t h e  s y n c h r o t r o n  l o s s e s  dominate t h e  expans ion  l o s s e s  

on ly  a t  t h e  beg inn ing  o f  t h e  expansion,  and t h e  f i g u r e s  show t h i s  

c l e a r l y .  The ex t remely  l a r g e  range  of l uminos i t y  r e p r e s e n t e d  i n  

F i g u r e  3 ,  over  f o u r t e e n  o r d e r s  of  magnitude i n  an  e v o l u t i o n  t ime  of 

6  10  y e a r s ,  i s  perhaps  a l i t t l e  s u r p r i s i n g  s i n c e  i t  i s  known t h a t  t h e  

sp r ead  i n  t h e  observed i n t r i n s i c  l u m i n o s i t i e s  of  t h e  e x t r a - g a l a c t i c  

r a d i o  s o u r c e s  i s  on ly  abou t  s i x  decades .  However, two p o i n t s  must 

be borne  i n  mind. I n  f o r m u l a t i n g  t h e  dR/dt t e rm we have n o t  i n -  

c luded  t h e  p r e s s u r e  of  t h e  i n t e r g a l a c t i c  medium, hence o u r  f o r m u l a t i o n  

p r o v i d e s  no way of  s t o p p i n g  t h e  expans ion .  The p r e s e n t  d i s c u s s i o n  

must t h u s  be cons ide r ed  t o  r e f e r  on ly  t o ' : t he  e a r l y  s t a g e s  of  evolu-  

t i o n .  I n  . . t h e  l a t t e r  s t a g e s  t h e  expans ion  i n  a l l  d i r e c t i o n s  must 

s t o p  ( o r  t h e  s o u r c e s  would n o t  be o b s e r v a b l e ) ;  t h i s  expansion may 



be h a l t e d  by i n t e r g a l a c t i c  f i e l d s  (Gold, 1965)  o r ,  i f  t h e  c e n t e r  

of mass of t h e  source  i s  moving r e l a t i v e  t o  t h e  i n t e r g a l a c t i c  medium 

( e , g . ,  e j e c t i o n  from a p a r e n t  g a l a x y ) ,  by dynamic e f f e c t s  such as 

i n e r t i a l  confinement (DeYoung and Axford, 1 9 6 7 ) .  The second p o i n t  

i s  t h a t  t h e  Large spread  i n  Luminosity shown i n  F igu re  3 i s  u n l i k e l y  

t o  be observed s i n c e  most of t h e  dec rease  occurs  i n  t h e  f i rs t  hundred 

6 y e a r s  of  e v o l u t i o n .  Thus i f  t h e  expansion cease s  a t  about 10 y e a r s ,  

wi th  t h e  subsequent decrease  i n  luminos i ty  due only  t o  synchro t ron  

l o s s e s ,  i n  a  random sample of r a d i o  sou rces  one would expect  a t  most 

1/1000 of t h e  sources  i n  t h e  sample t o  have l umonos i t i e s  o u t s i d e  a  

range of  about s i x  o r d e r s  of magnitude. 

The c a l c u l a t i o n s  wi th  f = 1 . 0  correspond t o  t h e  magnetic f i e l d  

complete ly  f i l l i n g  t h e  r a d i o  sou rce  volume and prov ide  t h e  c l o s e s t  

comparison wi th  t h e  e q u i p a r t i t i o n  model. It i s  seen ,  as expected,  

t h a t  t h e  models w i t h  f < 1 evolve more s lowly,  a s  do t h o s e  w i t h  

s > 1. 

We now assume t h e  number of e l e c t r o n s  p e r  u n i t  volume i n  t h e  

energy range  between E  and E + dE t o  be g iven  by N(E)dE = k ~ - ~ d ~ .  The 

conse rva t ion  of p a r t i c l e  number implbes,  f o r  s p h e r i c a l  geometry, 

whi le  energy p e r  u n i t  volume i s  

. H 



D i f f e r e n t i a t i o n  of  e q u a t i o n  ( 1 2 )  w i t h  r e s p e c t  t o  t i m e  and s u b s t i t u -  

t i o n  i n t o  e q u a t i o n  ( 6 )  w i l l  p roduce  t e rms  i n v o l v i n g  dEH/dt and dEL/dt ,  

where a g a i n  ELand EH a r e  t h e  lower  and upper  l i m i t s  o f  t h e  e l e c t r o n  

energy .  Some s i m p l i f i c a t i o n  may be  a c h i e v e d  by s p e c i f y i n g  t h e  r a n g e  

o f  t h e  exponent  m and t h e  r e l a t i v e  s i z e  of  t h e  energy  l i m i t s .  Data  

from a l a r g e  number of r a d i o  s o u r c e s  (Maltby,  Matthews, and Moffe t ,  

1965) i n d i c a t e s  t h a t  a  good a v e r a g e  f o r  m i s  m P 2 . 5 ,  and t h e  range  

of  e l e c t r o n  e n e r g i e s  which c o r r e s p o n d s  t o  t h e  f requency  r a n g e  o v e r  

which a  power law i s  rough ly  obeyed c o v e r s  s e v e r a l  o r d e r s  of magni- 

t u d e .  Hence EH > >  EL, and f o r  2<m<3, t h e  low energy  t e rm on ly  

a-m may be  r e t a i n e d  i n  e x p r e s s i o n s  of  t h e  form (EH 2 EL a-m) a s  tong  

a s  a  i s  l e s s  t h a n  m .  A s  t h e  s y n c h r o t r o n  l o s s  p e r  p a r t i c l e  i s  pro-  

p o r t i o n a l  t o  E ~ B *  however, dEH/dt >>dE L / d t ,  and t e r m s  i n v o l v i n g  

the p r o d u c t  ~ - ~ ( d ~ / d  t) mus t be r e  b i n e d  f o r  bo th h i g h  and low ener -  

g i e s .  Because o f  o u r  c h o i c e  o f  m ,  o n l y  t h e  lower  l i m i t  w i l l  be 

used  i n  Equa t ion  ( 1 2 ) ,  which i n  t u r n  d e t e r m i n e s  the v a l u e  of  the 

magne t i c  f i e l d .  P h y s i c a l l y  t h i s  i m p l i e s  tha t the  energy s p e c  trum 

i s  s o  s t e e p  t h a t  m o s t  o f  the  energy  p e r  u n i t  volume i s  due to the  

lower  energy  e l e c t r o n s ,  t h e i r  much g r e a t e r  numbers more than com- 

p e n s a t i n g  f o r  t h e i r  d e f i c i e n c y  i n  energy .  S i n c e  the h i g h  energy  

e l e c t r o n s  e x p e r i e n c e  synchro  t r o n  e f f e c  .ts markedly more than those  

l e s s  w e l l  endowed w i t h  energy ,  we s h a l l  be  i n t e r e s t e d  i n  the b e h a v i o r  

o f  EH w i t h  time ( f o r  m<3 EH a l o n e  can be used i n  the  l u m i n o s i t y  

e q u a t i o n ) ,  and h e r e i n a f t e r  we s e t  EH = E. The above arguments  imply 



1 3  * 

t h a t  the low energy e l e c t r o n s  a r e  degraded p r i m a r i l y  by expansion 

c o o l i n g ,  and we s h a l l  p u t  

- Ro 
- E b ~ ~  

SubsthtakLon of  a l2  of: the a b ~ v e  i n t o  Equa t ion  ( 6 )  g ives  

LI 

3  (3-m) ( m - 2 )  
The second t e r m  i n  pa r en  theses  on the l e f t  hand s i d e  o f  the  above 

e q u a t i o n  i s  much l e s s  than the f i r s t  and d e c r e a s e s  w i t h  i n c r e a s i n g  

B. Hence i t  w i l l  be dropped.  The d e r i v a t i o n  o f  dR/dt p roceeds  

e x a c t l y  as b e f o r e ,  e x c e p t  t h a t  Equa t ion  (12 )  m u s t  be used,  which 

These e q u a t i o n s  may a g a i n  be numer i ca l l y  i n t e g r a t e d  t o  f i n d  E  a s  

a  f u n c t i o n  o f  time, which i s  subs  t i t u t e d  i n t o  
E3-m -1 

L = 2.4 x  ~ ' k f ~  e r g  s e c  
T 

t o  f i n d  the l uminos i t y  a s  a  f u n c t i o n  o f  t ime. These r e s u l t s  have 

been c a l c u l a t e d  f o r  t h e  same i n i t i a l  v a l u e s  as used f o r  the d e l  ta 

func  t i on  d i s  t r i b u  'don. F i g u r e  4 g i v e s  the  upper e l e c  'ulon energy 

a s  a  f u n c t i o n  o f  the r a d i u s  o f  the  ob jec t, wh i l e  F i g u r e s  5 and 6 

show the ,  lumino-si t;y a s  a  func  t i on  o f  r a d i u s  and time r e s p e c  t i v e l y  . 



1 4 .  

The changes i n  energy and l u m i n o s i t y  f o r  v a r i o u s  v a l u e s  o f  

f and s a r e ,  as mentioned above,  s i m i l a r  to the r e s u l t s  f o r  t h e  

d e l  ta f u n c  t i o n  d i s  t r i b u  t i o n ,  though no t a s  pronounced. However, 

the d i s c u s s i o n  p r e s e n t e d  t h e r e  a p p l i e s  e q u a l l y  w e l l  to the power 

law c a l c u l a t i o n .  Thus  f o r  bo th d i s  tribu t i o n s ,  the  p r e s e n  t model 

p r o v i d e s  the advan tages  o f  a  l o n g e r  l i f e t i m e  and l e s s  s t r i n g e n t  

r e q u i r e m e n t s  upon t h e  magne t i c  f i e l d  than does  the e q u i p a r t i  t l o n  

model. 

T h i s  work was s u p p o r t e d  i n  p a r t  by the N a t i o n a l  A e ~ o n a u t i c s  

and Space A d m i n i s t r a t i o n  and t h e  Uni ted  S t a t e s  A i r  Force  O f f i c e  

o f  S c i e n t i f i c  Research  under  c o n t r a c t  49 (368)  - 1527.  
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FIGURES 

F i g u r e  1. R e l a t i v e  e l e c  Won energy a s  a  func ' t ion  o f  c loud r a d i u s .  
N(E) = 6(E). 

F i g u r e  2 ,  T o t a l  l uminos i t y  a s  a f u n c t i o n  o f  c l oud  r a d i u s .  
N(E) = 6(E). 

F i g u r e  3. To Z l z l  synchro Won lurninosl  ty as a func  t i o n  of epoch. 
N(E) = 6(~). 

F i g u r e  4 .  High e l e c t r o n  energy a s  a  f u n c t i o n  o f  c loud  r a d i u s  
f o r  power l a w  spect rum.  

F i g u r e  5. To tal synchro  t ron l uminos i  ty a s  a func  t i o n  o f  c loud  
r a d i u s  f o r  power law spect rum.  

F i g u r e  6.  To tal synch ro t ron  l uminos i  ty a s  a func  t i o n  o f  epoch 
f o r  power law spect rum.  
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